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Abstract
The understanding of the ﬂow structures and the particle transport/deposition across the human
bronchial system remains a challenge to achieve because of the complexity of the geometry of human
lungs. This work relies a strong collaboration between physicians, medical imaging researchers, ﬂuid
mechanics researcher and CFD researchers. Four conﬁgurations of airways (the generic Weibel
model, the Human model proposed by Hiroko Kitaoka, a realistic Rat lung obtained by µ-CT and
a realistic rabbit geometry obtained by a synchrotron based CT) have been generated, meshed and
simulated using the CFD commercial package CFD-ACE. Both steady and realistic inﬂow rates
have been studied as well as the associated transport and deposition of particles.
Key words : particle deposition ; rat lungs ; rabbit lungs ; human lungs ; numerical simulations.
1 Introduction
The aerosol particles present in our environment are increasingly identiﬁed as risk
factors for health, but aerosols can also be used for diagnostic or therapeutic purposes
to treat lung diseases. In particular, small particles that reach the surface of gas
exchange in the alveolar region of lungs are considered most harmful to health.
Inhalers, for example, are commonly used to administer drugs [5]. In cases of lung
disease, administration of medication by aerosol has the advantage of reaching the
region directly aﬀected and requires lower doses (side eﬀects are minimized).
The morphological descriptions of the bronchial tubes of the man appeared in the
literature since 1963, when Weibel [20] introduced a physical symmetric model.
Horsﬁeld and Cumming [10] have subsequently proposed an anatomical representa-
tion of asymmetric lung tubes taking the Weibel model as a basis. Horsﬁeld, Dart
and Olson [11] have produced two types of asymmetric mathematical models based
on data obtained from measurement of a resin cast of a normal human bronchiol
tree. The models permit calculation of physiologic variables to be made while taking
asymmetry into account. Hammersley and Olson [8] presented a model of symme-
tric and asymmetric bifurcations in the human lung adequate for generations 6 to
12. In 2004, Hegedus et al. [9] provided a detailed mathematical description of a
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morphologically realistic airway of ﬁrst ﬁve generations.
The human lung is a sequence of bifurcations in two parts. It has an average of 23
generations of bifurcations, or about 17 million of bifurcations. The last 5 genera-
tions are covered with cellular structures through which the exchange takes place
with the blood gas [21].
The researchers eventually want to understand the ﬂow structure and particle trans-
port/deposition across the human bronchial system. This goal remain a challenge
to achieve because of the complexity of the geometry of human lungs. However,
few researchers have managed to simulate the ﬂow in models with many genera-
tions. Nowak et al. [19] presented the ﬂow ﬁeld and simulation results of particle
transport to the lung airways obtained from a CT-scan. Comparisons of calculation
results for a realistic model and the model of Weibel showed a proﬁle of deposition
of micro-particles that had diﬀerences over a moderate range of Reynolds numbers
of 120-2000 for both steady ﬂow and unsteady. Although a CT-scan provides a more
realistic geometry, it can not provide respiratory beyond nine generations, which
limits its application to the study of all lung airways. Miki et al. [18] digitized and
then calculated an actual conﬁguration to the seventh generation. Ertbruggen et al.
[6] described a three-dimensional structure based on the anatomy of the airways of
the lung starting from the trachea until the 17th bifurcations to simulate statio-
nary ﬂow with transport of micro-particles. The maximum deposition of particles
has been identiﬁed on the bifurcation with the highest 'oﬀ-plan' angle compared
to other tubes of the same generation, thus demonstrating the role of non-ﬂatness
on the deposition of particles micrometer size. A mesh structured multi-block was
chosen and reﬁned until the maximum diﬀerence between the velocity proﬁles was
below 2%.
The deposition of particles takes place, usually, under the action of three mecha-
nisms :
 impact by inertia : this mode of deposition depends on the diameter and the
velocity of the particles. Those whose size is greater than 10 µm impact in the
oropharynx while the smaller worm their way deep into the bronchial tree.
 sedimentation resulting from the eﬀect of gravity, which revealed the particles
to the bronchial wall. It aﬀects mainly small particles (1 to 5 µm) and involves
only the bronchial tubes and alveoli. It is maximum for low airﬂow and can
be promoted by a simple respiratory pause at the end of inspiration.
 diﬀusion or Brownian motion is due to the chaotic bustle of small particles
(smaller than 0.5µm why undergo collisions with gas molecules. This mode of
deposition is insigniﬁcant as 80 % of the particles remain in suspension and
then are removed at the expiration [13].
2 Methods
Our study focuses on the numerical modelling of the ﬂow and particles deposition
in airways using the commercial package CFD-ACE. The objective of this study is
to propose a reliable and complete numerical model of transport of particles in the
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pulmonary ﬂow by taking into account the full breathing cycle. For the moment the
movement of the airways imposed by the breathing are not taken into account.
This study is divided into four parts :
 First the CFD-ACE package is validated regarding ﬂow [3, 25] and particles
deposition in a simple model [14, 2]
 Simple geometries derived from the Weibel model are studied
 An anatomically realistic model of rat lung is simulated
 A more complex geometry of rabbit lung is simulated
The particles trajectories and deposition are obtained by solving a Lagrangian trans-
port equation where only the drag force is retained. The deposition eﬃciency is
computed as the ratio of the amount of particles sticked at the wall over the total
number of released particles.
The rat geometry is obtained after an adult rat killed by IV administration of bar-
biturates, was infused with a iodine contrast agent (10% v/v, Visipaque320, GE
Healthcare, Chalfont St Giles, UK). Imaging of the thorax was performed ex vivo
using an X-Ray CT scanner (eXplore Vision 120, GE Healthcare, Waukesha, USA).
The protocol used involved 360 views over 360, with 1 frame averages, at 100kV,
50mA. After reconstruction using a Feldkamp algorithm of back-projection, the ima-
ging volume was made of cubic voxels of 49m x 49m x 49m. Visualisation was per-
formed using MicroView (GE Healthcare, Waukesha, USA). After inversion of grey
levels, a surface rendering (marching cubes algorithm) was applied after threshold.
The surface was then exported in STL format and prepared in GMSH before being
meshed in CFD-GEOM.
The rabbit geometry was obtained using synchrotron-based dynamic computed to-
mography. Details of the experimental technique and segmentation protocol are pro-
vided elsewhere [4]. Brieﬂy, newborn rabbit pups are ventilated and imaged using
propagation-based phase-contrast imaging. The lungs are an ideal sample for phase-
contrast imaging, as they exhibit large phase boundaries at air-tissue interfaces. This
technology can provide rapid imaging of the lungs without contrast agent [7]. By syn-
chronising the image acquisition with the ventilation and rotating the sample, four-
dimensional (4D=3D+time) images of the bronchial tree can be achieved. Again,
one STL geometry was prepared in GMSH before being meshed in CFD-GEOM.
Kitaoka et al [15] has proposed a three-dimensional (3D) model of the human airway
tree using a deterministic algorithm that can generate a branching duct system in an
organ through the free software Lung4Cer (http ://www7b.biglobe.ne.jp/ lung4cer/indexEng.html).
We have generated a model with more than 7 bifurcations resulting in more than
300 outlets.
Part of this work was performed during H. Ilmi PhD thesis [12].
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3 Governing equation
3.1 Airﬂow equations
For a laminar incompressible ﬂow, the ﬂuid transport equations can be written as :
continuity
∇.−→v = 0 (1)
momentum
∂−→v
∂t
+ (−→v .∇)−→v = −1
ρ
∇p+∇.[ν(∇−→v + (∇−→v )T )] (2)
where −→v is the velocity vector, p the pressure, ρ the ﬂuid density and ν the ﬂuid
kinematic viscosity, ()T represents the transpose of ( ) [3], [22].
3.2 Particle transport and deposition equations
In this work, simulations are performed for particles of diameter dp = 5µm. In light
of the small particle Reynolds numbers, Rep ∼ | −→v −−→v p |  1 and a large density
ratio, ρp  ρ, the drag force is dominant, based on order-of-magnitude argument
(Clift, Grace, &Weber, 1978 ; Crow, Sommerfeld, & Tsuji, 1998 ; Kleinstreuer, 2003).
These particles are relatively large, so Brownian motion can be neglected. The parti-
culate material considered is far denser than ﬂuid, causing terms that depend on the
density ratio, such as pressure force, buoyancy force, virtual mass eﬀect and Basset
force to be very small. The lift forces in the present Stokes ﬂow limit are negligible
because of a lack of measurable particle spin (Magnus lift) and the laminar, low-level
ﬂuid shear ﬁelds (Saﬀman lift).
The motion of solid particles is suspension in a ﬂuid is governed by the particle
trajectory equation (Clift et al., 1978 ; Kleinstreuer, 2006) :
mp
d2−→x p
dt2
= CDP
pid2p
4
ρ
(−→v −−→v p) | −→v −−→v p |
2
, (3)
where mp is the mass of a single, spherical particle, −→x p is the displacement, −→v is
the ﬂuid velocity, −→v p is the particle velocity, and CDP is the drag coeﬃcient (Clift
et al., 1978).
The ﬁnal equation may be stated as :
St
d−→v p
dt
= (−→v −−→v p)φD U
D1
, (4)
where U is the mean inlet velocity, D1 the parent duct diameter and St the Stokes
number deﬁned as :
St =
ρpd
2
pU
18µD1
, (5)
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where ρp is the particle density and µ the ﬂuid dynamic viscosity.
φD is a correction to Stokes' drag force for ﬁnite particle Reynolds numbers based
on the slip velocity (−→v −−→v p) :
φD = CDp
Rep
24
, (6)
where
CDp =
CD
Cslip
, (7)
where
CD =

24
Rep
for 0 < Rep ≤ 1
24
Rep0.646
for 1 < Rep ≤ 400
(8)
and the local particle Reynolds number is :
Rep =
ρdp | −→v −−→v p |
µ
(9)
The correlation for the slip factor, Cslip, is also given by Clift et al. [1], [23], [2] :
Cslip = 1 +
2λ
dp
[1.142 + 0.058exp(−0.999 dp
2λ
)] (10)
where λ is the mean free path in ﬂuid.
The representative Stokes number range [17] computed is [0.2-1.2].
The deposition eﬃciency, DE (%), was deﬁned as :
DE =
particle number deposited in a given region
total particle number entering that region
(11)
4 Results
In this paper, we will only present the validation of the software on a 3 bifurcations
Weibel model (ﬁg. 1) as well as the particle deposition in the rat and the rabbit
lungs for steady ﬂow rate.
4.1 Model validation
The current simulation code (CFD-ACE) has been validated via comparisons with
experimental data sets provided by Zhao and Lieber [26], (see Fig. 2). Steady ﬂow
was considered. For details of this particular case study, Comer et al. [3] and Zhang
and Kleinstreuer [16].
For steady ﬂow, a fully-developed, i.e., parabolic, velocity proﬁle can be observed
in both numerical and experimental studies at location 2 (Fig. 2(a)). At location 10
(see Fig. 2(c)), the velocity proﬁle is skewed to the inner wall when the airﬂow turns
from the parent to the daughter tube. When the airﬂow continuously turns, more
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Figure 1  Schematic of symmetric : a) triple bifurcation geometry [24] ; b) single bifur-
cation of station positions [26],
ﬂuid is pushed to the inner wall at location 14 (see Fig. 2(e)) due to the eﬀects of a
centrifugal force and secondary ﬂow.
The airﬂow patterns in the lung airways are determined by the ﬂuid property, the
inlet condition and geometric characteristics. The geometric inﬂuence on the local
airﬂow pattern is signiﬁcant (see Figs. 2(b), (d) and (f)). The axial velocity is zero
near the wall and maximum at the center of the airway (Fig. 2(b)).
Fig. 3 shows the comparison of our deposition eﬃciency in double bifurcation in-
plane model for steady ﬂows with the data of Kim & Fisher (1999) [14]. Due to
the diﬃculty in strictly controlling the ﬂow rate and aerosol diameter, the Reynolds
numbers signiﬁcantly varies during the experiments. Furthermore, some diﬀerences
between computational predictions and experimental measurements may be caused
by subtle discrepancies in model geometries and deposition measurements. Thus,
when neglecting the experimental Reynolds number eﬀect and focusing on deposition
eﬃciency, the simulation results agree well with the experimental data of Kim &
Fisher.
The good agreement indicates that the CFD-ACE code is suﬃciently accurate to
simulate actual airﬂow and particle deposition in the human lung.
4.2 The Rat conﬁguration
The rat geometry form medical imaging is exported in stereolithography format
STL to be smoothed, repaired (holes geometry) and meshed with CFD-GEOM, the
mesh generator of the CFD-ACE package. We generated several meshes - 300k to
4.3M cells - to check mesh convergence results. The breath of a rat of 500g being of
4ml.s−1, this gives us in our setup a inlet velocity of 1m.s−1 so a number Reynolds
ReDinlet = 152 which suggests that the ﬂow is steady and laminar.
Figure 4 shows the pressure drop and the shape of the streamlines in the lungs
of rats : the ﬂow is relatively simple and does not appear to be circulating in the
light of the low curvature bifurcations . The diﬃculty here doesn't clearly lie on the
simulation itself but rather on the generation of a viable geometry and mesh : in this
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Figure 2  Axial velocity distribution in steady ﬂow : (ReD1 = 1000) ; a) station (2
′)−(2),
c) station (10′)− (10) and e) station (14′)− (14) [26] (see Fig.1 b)) and ﬂow patterns : b)
axial velocity pattern at Slice 2, d) at slice 10 and f) at slice 14.
Figure 3  Comparison of the numerical and experimental particle deposition eﬃciency
(DE) in the double bifurcation in-plane model under steady ﬂow (Experimental data were
obtained from Kim & Fisher, 1999 [14]) : a) DE at the ﬁrst bifurcation ; and DE at the
second bifurcation.
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case, the initial geometry included non-physical constrictions on multiple outputs
which made the simulation completely unrealistic even lengthening out through
pipes. These constrictions have been smoothed the outlets extended with pipes.
Figure 4  Visualisation of the pressure drop and streamlines in rat lungs
Figure 5a) shows the deposition of particles observed. We note that the deposition
appears only at junctions and bends which is very understandable because the geo-
metry of the lungs of rats is fairly linear unlike human lungs and we had already
observed that the deposition mechanism was an inertial mechanism. The results for
the depositions were obtained with four intermediate meshes and the convergence
of the results is obtained (Figure 5b) on the ﬁnest grid.
[a] [b]
Figure 5  a) Deposition eﬃciency and b) in rat lungs
4.3 The Rabbit conﬁguration
Monash University, Australia has developed a technique the breath of an intubated
rabbit and 4D images (3D over time) obtained by a CT scanner synchrotron which
gives a very good resolution both spatially and temporally. We were able to get a
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geometry (Figure 6a) and we hardly generated meshes from 1.2M to 4.4M cells. In
the simulations the inlet velocity was imposed at 1m.s−1 corresponding to a laminar
Reynolds number of Re = 176.
[a] [b]
Figure 6  a) Rabbit geometry from segmentation and b) Streamlines and pressure drop
on a 4.4M cells grid
Figure 6b) shows the streamlines of the ﬂow where you can note the existence of a
vortical area downstream of the endotracheal area. The streamlines are pretty tor-
tured in the ﬁrst bifurcations which suggests that there is still recirculation zones.
Here we ﬁnd a similar behaviour to a ﬂow in the presence of Dean vortices.
Regarding the deposition of particles, the same conclusion as with the Rat geometry
can be dressed (Figure 7). This is mainly due to the fact that with our unstructured
grid generation software, it's very diﬃcult to increase the grid density near the walls
without dramatically increasing the total number of cell. This is the reason why we
started to develop a new software at ICUBE based on Immersed Boundary Methods,
unstructured Cartesian cells and Automatic Grid Reﬁnement.
5 Conclusions
After a validation phase, we have simulated the ﬂow and the particle deposition
in many Weibel's generic models and in anatomically realistic geometries of rat
and rabbit coming from medical imaging. The particle deposition is mainly inertial
and increases with the Stokes number and the Reynolds number. One of the major
diﬃculty of this study is the generation of the appropriate mesh for the realistic
geometries.
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[a] [b]
Figure 7  a) Deposition and b) DE in Rabbit lungs
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